We propose a migration technique for the deposition of the top dielectric mirror in the fabrication of planar microcavities containing a fragile molecular active layer. Our goal is to preserve the active material during this deposition step. The technique is validated by the fabrication of a passive cavity, showing a quality factor similar to that achieved by a conventional monolithic approach. The migration technique is then used to fabricate a perovskite-based organic-inorganic microcavity for emission in the strong coupling regime. Polariton emission lines are well resolved at room temperature, and efficient polariton relaxation toward the lowest energy polariton states is achieved using the migration method. # 2013 The Japan Society of Applied Physics O wing to their excellent optical properties, such as high photoluminescence quantum yield, large gain cross section, and broadband, tunable emission over the whole visible range, molecular materials, especially organic molecular materials, represent an attractive solution for the fabrication of optical emitters.
O
wing to their excellent optical properties, such as high photoluminescence quantum yield, large gain cross section, and broadband, tunable emission over the whole visible range, molecular materials, especially organic molecular materials, represent an attractive solution for the fabrication of optical emitters. [1] [2] [3] Moreover they offer the possibility to be easily processed by low-cost fabrication techniques compared with their inorganic counterparts, e.g., direct bandgap semiconductors. In this context, the optical properties of organic molecular materials in microcavity structures, involving stimulated emission effects, have been intensively studied over the past decades. Planar microcavities have been developed for the fabrication of organic light-emitting diodes with high spectral purity, 4) and surface-emitting vertical-cavity emitting organic lasers have been demonstrated under pulsed optical pumping. 5, 6) More recently, much interest has been devoted to the study of organic microcavity emitters in the strong exciton-photon coupling regime, owing to the strong exciton binding energy of some organic molecular materials up to room temperature. [7] [8] [9] [10] [11] Such devices would allow us to achieve polariton condensation and lasing, [12] [13] [14] or the manipulation of polariton condensates 15) and the realization of polariton devices 16) at room temperature, and indeed, room-temperature polariton lasing was demonstrated in 2010 from an anthracene-based microcavity emitter. 17) Perovskite materials represent another promising family of organic-inorganic molecules for the achievement of low-threshold polariton lasing at room temperature. The strong coupling regime in a distributed feedback structure containing perovskite molecules was reported in 1998, 18) followed by the observation of optical nonlinearities in these structures, 19) and recently, perovskite-based vertical-microcavities working in the strong coupling regime at room temperature have been realized. [20] [21] [22] [23] In the latter devices, 10, [20] [21] [22] [23] the microcavity was completed by the evaporation of a semitransparent metallic mirror on top of the thin perovskite layer, leading to a cavity quality factor in the range of 20 to 30.
In order to study stimulated polaritonic effects, a larger quality factor (typically >100) is required to increase the lifetime of the polaritons, which can be achieved by inserting the active layer between two highly reflective dielectric distributed Bragg reflectors (DBRs) instead of using a semitransparent metallic mirror. Unfortunately, the demonstration of such high-Q microcavities is complicated by the difficulties associated with fabricating highly reflective dielectric DBRs on top of a fragile molecular material, which is generally very sensitive to any temperature increase, mechanical stress or chemical reactions induced by standard dielectric deposition processes. As a consequence, new fabrication methods have to be developed. In the first polariton lasing demonstration by Kéna-Cohen and Forrest, 17) pure anthracene was infiltrated in its liquid phase by capillary action into channels formed between two glass substrates preliminarily covered by two highly reflective dielectric DBRs, and bonded face-to-face. Subsequent crystallization of the organic material into the channels was the most critical step and was achieved by slow and controlled cooling, which is not easily applicable to any organic molecular material.
In this work, we introduce a new assembly technique, making use of top-dielectric-mirror migration in a liquid, in order to form high-Q microcavities containing a thin perovskite layer, [(
, which is a selfassembly layered organic-inorganic multi-quantum-well material emitting in the visible range. 21) The experimental comparisons of Q-factor and of other optical properties between cavities fabricated using a standard deposition process, and using the mirror migration process, both in passive and active regimes, allow us to verify the significant advantage of the latter fabrication approach. The technique is applicable to the fabrication of microcavity devices with any other molecular/organic active layer, provided that the adapted migration liquid is used. Figure 1 schematically sketches the top-dielectric-mirror migration process. The perovskite layer is spin-coated on top of the bottom dielectric Bragg mirror preliminarily deposited on a fused silica transparent substrate. The active molecular layer can also be surrounded by dielectric phase layers in order to precisely tune the microcavity optical thickness, and to place the perovskite active layer at the antinode of the stationary electrical field. This half-cavity structure is referred to as the destination sample in the following. For the top dielectric DBR assembly, a $1-m-thick sacrificial polymer layer (LOR resist by Micro Chem) is firstly spincoated on a silicon host substrate. This polymer is chosen to be stable under high temperature (up to 200 C) and robust against typical dielectric mirror deposition conditions (sputtering or vacuum evaporation). In this study, the top Bragg mirror is deposited onto the sacrificial layer using vacuum evaporation, and consists of several (up to 10) pairs of quarter-wavelength YF 3 /ZnS layers (well adapted to the visible spectral range). It is then completed by a thin Ti/Ni bilayer acting as a stress compensator. The Ni layer thickness is adapted to compensate for the internal strain of the dielectric multilayer pile, therefore to avoid the rolling-up of the mirror after its release from the silicon substrate [step 1, Fig. 1(a) ]. The dielectric mirror is released by dipping the host substrate in a solvent (EBR PG by Micro Chem) dissolving the sacrificial layer [step 2, Fig. 1(a) ]. When the top mirror is completely released, floating in the solution, the solvent is expelled from the recipient, and the latter is gradually filled by a liquid, which should be nondestructive for the active material (toluene solvent for the perovskite material). The released top mirror is positioned in the liquid above the immersed destination sample, and the liquid is gradually evacuated so that the top mirror finally lies flat onto the surface of the destination sample [ Fig. 1(b) ]. The whole cavity structure is lastly annealed on a heating plate in order to evacuate the residual liquid [step 3, Fig. 1(a) ] and to firmly attach the two surfaces [ Fig. 1(c) ]. Optical measurements are performed through the transparent silica substrate, at room temperature and under ambient air.
In order to validate the migration technique, two passive cavities (i.e., with the fragile perovskite layer replaced by a dielectric HfO 2 layer of similar refractive index) have been fabricated using the standard monolithic approach and the top-dielectric-mirror migration approach. The cavity structure consists of: bottom mirror (11 pairs of HfO 2 /SiO 2 layers on fused silica substrate), half-wavelength cavity layer (HfO 2 ), and top mirror (8 pairs of YF 3 /ZnS layers with a thin Ti/Ni bilayer). All layers are deposited using (ionbeam-assisted) electron-beam vacuum evaporation. In the case of the monolithic cavity, the YF 3 /ZnS top mirror is directly evaporated onto the destination sample. The cavity structure is designed to obtain a central resonance frequency at $520 nm (close to the perovskite emission wavelength). Figures 2(a) and 2(b) show the microreflectivity (spot diameter $2 m) spectrum measured at normal incidence for the two cavities. The measured linewidth of the resonant cavity mode corresponds to a Q-factor of 2500 (respectively 2900) for the cavity fabricated using the top-mirror migration approach (respectively the standard monolithic approach). Measurements have been performed at many different positions on the samples and confirm that both samples are fairly homogenous, as illustrated in Fig. 2(c) for the sample assembled with top-mirror migration. The Q-factors obtained by both fabrication methods are very similar, which validates the top-mirror migration technique. In a second step, two cavities containing a $60-nmthick perovskite [(C 6 H 5 C 2 H 4 -NH 3 ) 2 PbI 4 ] active layer have been fabricated, using the monolithic and mirrormigration approaches. Both cavities have a similar structure as described in Ref. 24 . The nominal optical thicknesses of the phase layers were fixed to provide a negative detuning ( $ À100 meV) of the photonic mode relative to the exciton energy (E exc ¼ 2:36 eV) at normal incidence. Figure 3 displays the microphotoluminescence emission of the two cavities in reciprocal space measured with a standard farfield imaging setup (spot diameter $2 m). 24) A continuouswave-excitation laser beam (energy of 3.06 eV) working at about 100 W has been used for the microphotoluminescence measurements. The cavities are expected to operate in the strong coupling regime owing to the large oscillator strength of the perovskite exciton. In the monolithic case [ Fig. 3(a) ], a strong emission line at about 2.36 eV can be attributed to noncoupled perovskite excitons, and the anticrossing of the polariton branches (typical of strong coupling) is not observed. This is in contrast to the results obtained from the microcavity assembled using the topdielectric-mirror migration approach. Strong photon-exciton coupling is clearly evidenced in Fig. 3(b) , with a large Rabi splitting r $ 150 meV deduced from a standard twocoupled-harmonic-oscillators model, characteristic of the perovksite material. 20, 22, 23) A photonic weight of the lower polariton branch (LPB) at normal incidence of 93% can also be estimated from the fitting. More importantly, efficient relaxation toward the lowest energy on the LPB can be observed. This is a significant improvement compared with the photoluminescence results obtained from low-Q cavity design using a semitransparent metallic mirror, still showing the signature of noncoupled perovskite excitons. 21 ,23) Figure 4 shows the photoluminescence emission spectrum of the two cavities at k k ¼ 0 corresponding to Fig. 3 . In the case of the monolithic cavity, the measured full width at half maximum (FWHM) of the photonic mode (energy of 2.247 eV) is 45 meV. This corresponds to an equivalent Q-factor of 49. For the microcavity assembled by the topmirror migration approach, the FWHM of the LPB at k k ¼ 0 is measured to be 26 meV, corresponding to a Q-factor of 86. This value is 3.5 times larger than the best one obtained from cavities operating in the strong coupling regime. [20] [21] [22] [23] The improvement is obviously attributed to the higher reflectivity of the dielectric Bragg mirror, compared with the semitransparent metallic top mirror previously used.
In contrast, the optical performances of the perovskite microcavity fabricated using the monolithic approach are significantly degraded since strong coupling could not be achieved. This confirms that the organic-inorganic perovskite material may suffer from temperature increase, or induced stress, leading to morphological and structural defects and increased surface roughness, when the highly reflective dielectric stack is directly evaporated on top of the fragile layer. Optical microscopy and atomic force microscopy (AFM) inspections of the top surface of the microcavity indeed show that both the macro-and microscale roughnesses are increased, as illustrated in Fig. 5 . The root-mean-square (rms) surface roughness rms calculated from Fig. 5 is 11-14 nm, depending on the measurement area on the sample. It cannot be attributed to the intrinsic roughness of the top dielectric stack, which was measured to be 2.2 nm on the passive cavities by AFM, and therefore, has to be related to some deformation of the perovskite layer.
Finally, it should be mentioned that the LPB linewidth at k k ¼ 0 is still significantly larger than the cavity mode linewidth of 0.9 meV (Q ¼ 2500) deduced from the microreflectivity measurement for the passive cavity. Further investigation is needed to determine the origin of the residual broadening. It may be induced by the intrinsic surface roughness of the spin-coated perovskite layer (measured to be rms ¼ 3:5 nm by AFM for a 50-nm-thick perovskite layer), but may also be attributed to some residual absorption of the organic chain at the emission wavelength. 21) Both sources of broadening could be reduced by decreasing the thickness of the perovskite layer in the cavity structure. Considering the large Rabi splitting value (150 meV) deduced for a cavity containing a 60-nm-thick perovksite layer, there must be a compromise to obtain a narrower linewidth while maintaining the system in the strong coupling regime at room temperature. In summary, we have reported an innovative technique useful for the fabrication of high-Q planar microcavities containing a fragile (e.g., organic/molecular) active material. The technique allows replacing the semitransparent metallic top mirror by a highly reflective Bragg mirror without degrading the active material. Reflectivity measurements on passive cavities demonstrate that the top-mirror migration approach preserves the cavity Q-factor. Perovskite-based organic-inorganic microcavity operating in the strong-coupling regime fabricated using this approach shows superior performances compared with standard monolithic cavities. More generally, the technique is useful for the fabrication of organic microcavity emitters due to the fact that the top mirror can be optimized independently from the nature of the active layer. Moreover, the number of pairs of the top dielectric mirror can be easily increased without damaging the active layer.
